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Abstract

A highly efficient blue polymer light emitting diode based on [poly®&@(@-(2-(2-
methoxy-ethoxy)ethoxy)ethyl)fluorenyl-2,7-diyl)] (PFOEO3) byv&wit vapor annealing
the polymer emitting layer is fabricated in a bi-layevide with the Al cathode. High
electroluminescent efficiency is achieved by balancing chemjgetion. Better contact
interface between polymer and cathode formed by making chain cationmeoriented
with solvent vapor exposure. The effect of solvent vapor exposure on tinéigddiarrier
height of the interface is estimated using the Richardson-Sghutikel. The maximum
efficiency achieved 2.3 cd/A of the vapor exposed device from 0.9cdideadintreated

pristine device.
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1.Introduction

Conjugated polymer electroluminescence (EL) has been extensiueled for its
applications in optoelectronic devices since the original reportwyoBghes et al.[1]
The solution based fabrication process for the polymer organic digtitting diode
(OLED) has been recognized as a major advantage comparedvacthen deposition
process for small molecule OLED device. However, one major probdesd in the
development of polymer light-emitting diodes is that of unbalancegc#&ansport. One
option is to use multi-layer devices with charge-injection or parigig layer. One
limitation imposed by the solution process is layer mixing duttilegcoating process for
multilayered devices. One strategy is to render the layesluinle by chemically
crosslinking prior to the application of the next layer. Howetes approach not only
drives up the cost but also in many cases is impracticaldalyused method is the use
of a non-mixing solvent for each layer, such as aqueous suspensiony(#,40
ethylenedioxythiophene):poly(sodium 4-styrenesulfonate) (PEDOT:R&Sthe hole
injection layer and an organic based solution for light emittaygen. However, it is
impossible to find a solvent system that does not affect the aqdepasited layer and
the organic solution deposited layer for additional solution based depoditierefore
most of the practical polymer devices are bilayer device witloke transport
PEDOT:PSS layer and light emitting layer. Hence, thereansntly no practical strategy
to improve the electron injection for a given light emitting polysgstem other than
using a low work function cathode, such as alkaline earth metals.

Among the large class of semiconductive organic conjugated polymers, polyfluorene

(PFO) and its based copolymers are the most promising fotradleninescent



applications.[2-5] Besides the excellent optical properties andb&iHOMO/LUMO
energy levels, PFOs possess excellent charge-transport @epe&ith hole mobility (10
* cmf/Vs) more than an order of magnitude higher than that of the poly(p-
phenylenevinylene) (I0cnf/Vs).[6-9] However, they still suffer from low EL efficiency
due to the imbalance of charge carriers. The electron mohilityrgection is much more
critical than those of holes.[10] Therefore improved electron iecis critical to
improving the efficiency of the PFO based OLED device.[11] Thangaments of the
side chain and conjugated backbone significantly affects the rfacitd
characteristics.[12-14] Here, the aim of this work is to modigy interface of the light
emitting polymer film and cathode to significantly improve theéqrarance of an OLED
device by solvent annealing technique. This technology is not only corflerna
solution based process but also adaptable to roll-to-roll production metledudgest
that the solvent vapor approach is a general and cost-effective nudéthogroving the
colour purity and efficiency from polyfluorene-based light emittidgvices. The
reorientation of polymer chains improves the electron injectiatheafpolymer cathode
interface but also roles as holes trap to balance the chargeoimjel'he resulting device
has an enhanced efficiency of 2.3 cd/A at 6 V from 0.9 cd/A foptiséne device. Such
performance is already among the highest ever report of polgflaohomopolymers
with the single layer with Al cathode.
2. Experimental

The light emitting homopolymer poly(9,9-di(2-(2-(2-methoxy-
ethoxy)ethoxy)ethyDfluorenyl-2,7-diyl) (PFOEPD with Mw 64,000 Dalton and

polydispersity 7.4 was purchased from America Dye Source Incmbihecular structure



is shown in the inset of Figure 1. PFORfas dissolved in chlorobenzene and spin coat
onto the PEDOT:PSS coated ITO glass substrates. The PHES were exposed in
toluene vapor for 1 hour and 5 hour respectively at 25 °C. Aluminum (¥d) haere
evaporated on the PFO film surface under a base pressur@ #ba0 The final OLED
device configuration is ITO/PEDOT:PSS/PFOJ#AD. J-V characteristics were measured
using Keithley 2420 source-measure unit. Luminance measurementspearéoemed
using a LS-110 model Minolta luminance meter.
3. Resultsand dission

Figure 1 shows the Brightness-Voltage characteristics of biteyer polymer
OLEDs of the untreated device and two vapor annealed devicesleViee fabricated
with untreated PFO film is designated as pristine device. Thgathass of the devices at
the same driving voltage is very dependent upon the annealing conditioms)stieating
that the longer the vapor annealing time, the higher the brightnegsvahasoltage. The
pristine device shows 925 cdirat 8V, whereas 1356 cdfrand 1498 cd/fmunder the
same voltage when the films were annealed in toluene vapor forrlahdu5 hours,
respectively. It is found that the turn-on light-emission voltagfethe vapor annealed
devices are lower than that of the pristine device.[13] The déhataevas vapor annealed
for 5 hours with the Al cathode shows a maximum luminous efficiency of 2.3 cd/A at 6 V,
much higher than 0.9 cd/A of the pristine device at 7.5 V as shown ineFxyurhis
performance is among the most efficient blue PLEDs based oriluyoognes. This
implies that vapor annealing may facilitate the efficienctets injection at PFO/AI
interface, since the film surface was affected by the sbhamnealing before Al

evaporated. It was found that there was some redshift of PLrapeictthe vapor



annealing devices.(fig.S1). Reorientation of polymer chain nmgike the polymer film
more orderly so as to introduce redshift of PL spectra, whichtrbig another reason to
increase the efficiency.

Measurement of the current density-voltagé-\j (J = I/(device area))
characteristics of OLED devices is the general method used to study vajgatisn and
transport mechanisms in different device configurations. JH¢ characteristics of
OLED devices strongly depend on various physical parametgpe @y electrodes,
active-layer thickness and structure, applied field, temperatungghwmlogy, etc.) In this
work we focus on the interfacial properties region of dh& curve, reflecting the
cathode/Al interaction. Electron and hole injections are controfeth® height of the
potential barriers of the interface)s, defined by the difference between the work
function of the metal and the highest occupied molecular orbital (@& the light
emitting polymer, and between the ITO and lowest unoccupied molecbital (LUMO)
of the hole transporting layer, respectively.[15,16] If there ssgaificant difference in
the ®g for the two interfaces, the smaller of the two barriersaihyt controls theJ-V
characteristics, and the larger one controlsJthécharacteristics in the EL condition.[17]
In our case, the energy level of HOMO of PFO and PEDOT:P&8%.8reV, 5.2 eV,
respectively. LUMO of PFO is 2.6 eV and the work function of Al.is &V. TheJ-V
curves (Figure 3) of the three different devices can be dividedidistinct regions of
the applied potential based on the charge transport propertiesRir@é&yer. Since the
injection barrier between Al and PFO for electrons is latgan that between PEDOT
and PFO for holes. Holes were injected into the emission layke anitial potentials, it

is region 1. It should be noted that regions 1 doesn’'t show associatedratda EL



emission because of the low carrier-injection density. As ppéeal voltage is increased
into region 2 when electrons meet with holes initially, unlesapgreciable number of
holes overcome the barrier height between Al and the LUMO oftiige layer, no

measurable emission is detected. We therefore focus our attentiegion 2 whose

change could reflect the electron-injection at the interfageoyfmer and cathode since
we modified the surface by vapor annealing. The result showsghaturn-on voltages

of vapor annealed devices are lower than that of the pristine device witarttemstrated

result that the longer the annealing time, the brighter the deveeiaen voltage. The

increase in brightness is impliedly attributed to the changheREO/Al interface due to
the solvent vapor annealing.

We have estimated the reduced energy barrier for electrartiameat the cathode
by the Richardson-Schottky (RS) model based on the experimerdalimabe reported
devices, the electron injection barrier between PFO&@ Al (~1.5 eV) is much higher
than that at the anode for holes (~0.6 eV). Therefore the initial charge mjegion 1 of
Figure 3 is mainly due to hole injection from the anode. We mastiynated the barriers
using the data from region 2 whose change could reflect theoslenjection at the
interface of polymer and cathode when electrons meet with miliedly. Region 2, the
nonlinear portion of thd-V curveof Figure 3 (insert), is a consequence of the difficulty
of injecting electrons through the junction barrier at the cathodesafetice. In region 2
the character of thé-V curve is completely dominated by the barrier potential at the
cathode. When the applied voltage is increased, exceeding the requéeey ¢o
overcome the potential barrier, tdeV curve in region 3 is dominated by space charge

limited current with a trapping mechanism. Therefore Jthvecurve characteristic of this



device suggests the current is injection-limited in region 1 Znbut bulk-limited in
region 3. In this case, it is logical to assume that, because atlatively high barrier
between the Al cathode and the PFQE€Eharge transport is considered to be unipolar.
The steeper regions 2 of 3-5V in the graphs of Figure 3 correspondkoethén thel—V
characteristics, and this is the region where the electrection through the polymer/Al
interface barrier takes place. If the applied voltageeeds the required energy to
overcome the potential barrier, such as 6V, thenJtWecharacteristic is dominated by
bulk limited mechanism. The decrease in current density in theabsth sample is
implied that charge transport and recombination efficiency of thefbol are changed
by annealing. (Figure 2) It might due to the enhanced injetg¢etr@ns role as hole-traps
in the bulk. The vapor annealing effect on bulk film has been under the further study.
TheJ-V characteristic in region 2 would be continuously influenced byp#neger
potential. Electron injection can occur either by thermionic eomser tunneling in the
situation studied. However, thermionic emission may play some trod®i@m temperature
and the tunneling model does not fit our data very well. Theref@adéoeus our attention

on regions 2 where EL emission associated with the carrier injection.[18]

~d, —,/eF /4 :
J=Ax exp{ = oot } (Equation 1)

KT

WherecDB denotes the energy barrier at the metal-polymearface.F is the
applied electric fieldg = V/d whered is the active-layer thicknesS).is temperaturek is
the Boltzmann constant. The coefficiehit is experimentally found to be significantly
smaller for organic semiconductors than expectethfRS model. We used its room-

temperature value of $bAm in the simulation.[19,20]



Figure 4 shows a plot dfnJ versusFY? with J-V data taken from region 2 for
all 3 types of devices. From the linear fit of th&ta for each type of device, the barrier
height to electron injection could be obtained. postine PFOE@device, the RS model
calculation barrier height is 1.25 eV, which issdoto the expected value of 1.5 eV
estimated from the difference between Al work fumttand the LUMO of PFOEO
1.185 eV and 1.097 eV were calculation based orRiBenodel for the devices vapor
annealed for 1 hour and 5 hours respectively. Hieutation result also shows solvent
annealing decreases the electron injection barrier.

The effect of annealing the PFOEQyer can be explained by the chemical
structure of the polymer as well as the physictdraction between the polymer and the
toluene vapor. Reorientation of polymer chain miglake the polymer film more orderly

so as to introduce redshift of PL spectra (Figyrefnd it is also possible that the

reorientationmight change interface dipole which induce vacuum level. PFOEQ

consists of two components: the conjugated condgeidbiorene backboner (bond) and
the flexible non-conductive ethyleneoxide side ohap bond).[13,21-23] These side
chains do not support charge transport and lighttieign characteristics of the polymer
but only provide solubility for solution processinbhe conjugated fluorene backbones
are likely to be parallel to the surface due tausoh processing, while the side chains
have a more random orientation between each caejddpgackbone. Therefore, we could

suppose that there are two components in the ‘teféebarrier height,%, of the PFOEQ
and metal contact at the cathode: An intrinsic conemt,# , between the conductive

fluorene backbones and the Al cathode, and an exmaponentA¢, between the



nonconductive side chains and the Al cathode, theep=¢ +A¢ . The extra

component is dependent on detailed molecular cordtons and local interfacial
morphology. The random orientation of flexible esichains can shield the conjugated
backbones from intimate contacts with Al cathodd.[When exposed to non-polar
aromatic solvent vapor, there is the tendencyHergolar nonconductive side chains to
retreat from the surface to expose the conductiedyflporene backbone. This
reorientation of the side chains provides an intemzontact between the polyfluorene

backbone and the Al cathode with reduced interfaxrdrom the side chains reducifg.

Therefore, the charge barrier between the PR the Al cathode was reduced in the
device with solvent vapor annealing and electrgeetion was increased. More balanced
charge injection enhanced the performance of thieele
4. Conclusion

In summary, we have developed an efficient bilgyalymer OLED by solvent
vapor annealing to change the surface morphologth@flight emitting polymer. The
change of the light emitting polymer surface moipgg dramatically improves the
electron injection from the Al cathode. The solveminealing could be a practical
approach to significantly improving the polymer &@a$OLED device without change the
chemistry of the material. An efficiency of 2.3 &dat 6 V was obtained in a simple
bilayer device configuration with Al cathode. The@hancement of efficiency was
partially attributed to the chain reorientation eaftsolvent vapor treatment which
improved the contact of polymer/metal interface atetluced the electron-injection

barrier. The effect of the barrier reduction hasrbestimated using the RS model. There



is other possible that reorientation of polymerishzhange the morphology of the

polymer film, which increase the efficiency.
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Figure Captions

Figure 1: Brightness vs. voltage characteristicthefdevices. Inset shows the molecular

structure of PFOE®

Figure 2. Current efficiency vs. voltage of the ides

Figure 3. Current density vs. voltage of the desim a log-log scale. The inset shows

the curve shape on a linear scale

Figure 4. RS plot in region 2 of the devices widliigus annealing time at room

temperature

Figure 5. Photoluminescence spectra of the filmh different annealing time

Table Caption

Table 1. The RS model calculated electron injectiarrier heights.
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Annealing Time (h) ®, (eV)
0 1.25

1 1.185

S 1.097

Tablel
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